Abstract Ips duplicatus (Coleoptera: Curculionidae)
Introduction
The natural distribution of the double-spined spruce bark beetle Ips duplicatus [Sahlberg, 1836] includes the Palearctic region from Scandinavia through some parts of north-eastern and Central Europe to northeastern Asia (Pfeffer 1995; Wood and Bright 1992) . I. duplicatus is considered to be a boreoalpine species, as it is known sporadically from the Alps as well (Pfeffer and Knizek 1995) .
The importance of I. duplicatus in Europe is still undetermined. It is listed as a quarantine pest by the European Union and European and Mediterranean Plant Protection Organisation (Smith et al. 1996) , as well as appearing on some protected species lists (e.g. Bussler and Bense 2003) . Local outbreaks of I. duplicatus have been recorded in Poland and the Czech Republic (Grodzki 1997 (Grodzki , 2003 Knizek and Zahradnik 1996) , and it has been considered as the major damage-causing species in natural spruce forests in Inner Mongolia, China Zhang et al. 1995 Zhang et al. , 2001 .
Ips duplicatus is generally categorized as a secondary pest, but under certain climatic conditions and in connection with inconsistent forest protection, it can assume a role as primary agent (Knizek 1998) . Its outbreak occurred in the Czech Republic in 1992 and continued for 3-4 years (Knizek and Zahradnik 1996) . Although I. duplicatus is thus becoming an economically serious pest, control of this species is very complicated (Grodzki 1997; Knizek 1998; Schnaider and Sierpinski 1955) .
The first effective substance of the I. duplicatus aggregation pheromone, ipsdienol, was identified in Norway already in 1975 (Bakke 1975) . In 1990, a second pheromone component, E-myrcenol, was discovered (Byers et al. 1990) . A lure of these two components has proven to be sufficiently effective (Ivarsson et al. 1993) . Thanks to these discoveries, it is possible to monitor the spread of I. duplicatus over large areas even in relatively low population densities. In view of the economic significance of I. duplicatus, nationwide monitoring has been carried out in the Czech Republic since 1997. This work summarizes the results of monitoring since that time, and is supplemented by research on tree infestation in the eastern part of the Czech Republic.
Materials and methods
Monitoring was carried out in 1997, 1998, 2000, 2002, 2005, 2006, 2007, 2008 and 2009 in state forests (Knizek 2008 (Knizek , 2010 . The various state forest units represent approximately 60% of the area of Czech forests but they cover the country evenly and thus the monitoring covered the whole area (Table 1) . In all listed organizational units, five to ten (usually five) Theysohn-type pheromone traps were installed. Distribution was done evenly in order best to cover the entire topography of the whole district. The experimental lure of ipsdienol and Emyrcenol was used for trapping during 1997 and 1998. At that time, these two were the only known components of the aggregation pheromone for I. duplicatus (Knizek 1998) . From 2000 until the present, the commercial product ID Ecolure (Minarr 2008) has been used as a lure.
Trapping was carried out only in spring (8 weeks from the beginning of emergence), when only the overwintering parent generation was trapped. In 7-10 daily check periods, the trapped insect was stored in polyethylene bottles with 70% ethyl alcohol (coll. Forestry and Game Management Research Institute; det. Knizek, Holusa, Modlinger, Durinova, Lubojacky) . Nontarget insect species were not studied.
The volume of trees infested by I. duplicatus was determined on the basis of annual reports on the occurrence of forest-damaging agents in the given year that are sent annually by forest owners to the Forestry and Game Management Research Institute. Although the total number of spruce trees infested by spruce bark beetles is necessary to file each year, the portion of trees infested by I. duplicatus is estimated and depends on the knowledge of each forester.
The proportion of logged trees declining due to drought and attack by honey fungus invaded by large numbers of bark beetles has been studied in the eastern part of the Czech Republic since 2001. The study was conducted at least once a year (and usually twice a year: May-June and August-September) in the area located from 50°14′ N, 17°26′ E to 49°31′ N, 18°48′ E at an altitude of 300-500 m a.s.l. The sites (≥5) with logged spruce trees after their fresh infestation by bark beetles (≥10 trees, ≥60 years) were studied. If more than one family insect gallery per 100 cm 2 was found on a tree, at least in one of its parts-base, center of trunk, or crown-it was considered invaded by large numbers of beetles (det. Holusa, Lubojacky).The density was studied at three sites on each part of a trunk, each site being 1 m× 10 cm in size. Dead dry trees found occasionally were not studied. Although sometimes trees younger than 60 years are infested by I. duplicatus (Holuša, unpubl.), the occurrence of I. duplicatus on trees older than 60 years is typical and according to law, the occurrence of bark beetles in these older forests must be filed (Zahradnik 2004) .
Statistical data processing was conducted using the statistical software STATISTICA 8.0.
Results
In total 1,131,482 individuals of I. duplicatus were captured during monitoring. The number of trapped beetles decreased in 2000 and 2002, after which there was a gradual increase in numbers (Fig. 1) Already in 1997, the occurrence of I. duplicatus had been determined throughout the Czech Republic at altitudes up to 650 m (Fig. 2) . The largest trappings were recorded in the north-eastern and eastern parts of the country (northern Moravia and Silesia), which is the center of I. duplicatus occurrence even today. In this area, individuals were occasionally trapped even at 1,000 m a.s.l. In Bohemia (western part of the Czech Republic), the numbers trapped ranged up to 100 individuals per trap. Compared with previous years, there was a significant nationwide decrease in the numbers of I. duplicatus in 2002. Since 2005, larger trappings have been recorded also in the southern part of the country and there is further spreading from the eastern part of the Czech Republic to the south and west (into the central part of the Czech Republic). In the northern part of Bohemia, there exists a population where on average more than 100 individuals are trapped in one pheromone trap every year.
The proportion of trees heavily infested (≥1 family per 100 cm 2 ) did not exceed 50% during 2001 and 2002 in the eastern part of the Czech Republic. In the following years, it varied within a range of 30-80%, whereas since 2008 more than 50% of the trees have been heavily infested. There was a statistically significant difference between the number of trees heavily infested by I. duplicatus, but in view of the wide dispersion of values, differences were significant only between 2009 and 2007 (H=3.71; P<0.01) (Fig. 3) . Sometimes I. typographus, I. amitinus and P. chalcographus infested the same tree, probably during the same period-as indicated by the identical development stages.
During 1996 to 2002, I. duplicatus infested on average just 7,441 m 3 of spruce trees in the Czech Republic each year. There was a sharp increase in 2003, and since that time the volume of bark beetleinfested trees has exceeded 30,000 m 3 (Fig. 4) . This amount correlates significantly with the amount of trees registered as being infested by Ips typographus [Linnaeus, 1758] , I. amitinus [Eichhoff, 1872] and Pityogenes chalcographus [Linnaeus, 1761] (y ¼ 323:8795 þ 5:5991 » x; r = 0.84; P < 0.0001) (Fig. 4) . Significant correlation was also detected between the total number of trapped beetles of I. duplicatus per year and the number of trees infested by I. duplicatus recorded in the same year (y ¼ À9:7505 þ 0:0007 » x; r=0.89; P<0.01).
Discussion
In the northern taiga of Europe and Siberia, the host tree for I. duplicatus is Picea obovata [Ledeb., 1833] and in Sachalin it is P. jezoensis [Sieb. et Zucc., 1842] . It rarely occurs in the pines of Pinus sylvestris Fig. 2 (Mrkva 1994 (Mrkva , 1995 .
Originally, the southernmost occurrence of I. duplicatus in Europe was at Bialowieza Primeval Forest in what is now northern Poland. In the first half of the 20th Century, I. duplicatus changed its environment. In the areas of the pine P. sylvestris that divided the northern taiga from Central Europe, and in the band of beeches on the northern slopes of the Silesian Beskids, newly established stands of nonoriginal spruce of P. abies were growing. The bark beetle I. duplicatus began to expand from here southward to the artificially established spruce stands in lowlands and uplands (Pfeffer and Knizek 1995) . That explains the location of the center of dissemination specifically in the north-eastern area of the Czech Fig. 3 Republic, which is characterized by the highest catches in pheromone traps as well as the large portion of infested trees.
Genetic studies have indirectly confirmed the aforementioned hypothesis for its spread. In European patterns of I. duplicatus, no differences were found between its population in the south and the north or between the original and secondary populations. On the other hand, weak mutations were detected in Europe, whereas in Asia no variability was found. This indicates that European populations are clearly separated from those of Asia (Lakatos et al. 2005) .
The first data as to the occurrence of I. duplicatus in Central Europe are available from Upper Silesia (Tredl 1907) , as well as from the surroundings of Czestochowa (Karpinski 1925) and Kielce (Karpinski 1926) . The first record in the Czech Republic comes from its eastern part-Cesky Tesin (Wanka 1927) . Another finding was recorded approximately 50 km away-Dehylov (Pfeffer 1955) , but already in 1941 and considerably farther to the south, at Ľuborca (orig. Liborca, Slovakia) (Roubal 1937 (Roubal -1941 . A single finding was recorded in the southern part of the Czech Republic-Tesinov (Fleischer 1927) , and an additional finding in Bohemia is known only from the 1980s, at about the same time as in northern Austria (Holzschuh 1989) .
At the end of the 1990s, I. duplicatus spread into Slovakia (Turcani et al. 2001) and Germany (Bussler and Bense 2003) , but there are no records from several other Central European countries where this forest pest might be expected to infest P. abies. According to Balachowsky (1949) , I. duplicatus has not been reported in France, even if it could be present locally in the Alps. The species is listed as present in France by Wood and Bright (1992) , but I. duplicatus is currently not present in France (Piel et al. 2006) . Recently, it has not been detected in Bosnia-Herzegovina (Theysohn trap near Vares 44°1 0′50.352″N, 18°20′37.142″E, ID Ecolure traps from April to October 2009, coll. M. Svestka, det. J. Holusa) or in Croatia (Theysohn trap near Trakoscan 46°15′45.891″N, 15°57′16.463″E, from April to October 2006 and 2007, coll. and det. M. Pernek) . The southern border of its area is likely to be in southern Slovakia (Zubrik et al. 2006) .
Successful invasion of I. duplicatus in Central Europe is probably caused by two factors: (i) with extensive growing of spruce in Central European conditions (MZE CR 2009), spruce represents 54% of the Czech Republic's forest area, and (ii) climatic changes. Observed and projected changes in the earth's climate are expected to influence significantly most biological systems, including forests (Malcolm et al. 2001; Pielke et al. 2003) . Spruce is generally recognized to be a highly vulnerable species (Colwell et al. 2008) . Climate change influences tree species directly via impacts on essential physiological processes (changes of air temperature, drought, solar radiation, chemical atmospheric composition); or indirectly by altering intra-and interspecific relationships, changing species' competitiveness, introducing new pests, or changing distribution and population dynamics of resident species (Lindner et al. 2008) . Severe regional heat waves may become more frequent in a changing climate (Meehl and Tebaldi 2004) , thereby increasing spruce's susceptibility to bark beetle attacks. In addition, forest stands damaged by wind are especially important precursors to outbreaks as they quickly provide large quantities of optimal breeding material (e.g. Grodzki et al. 2006) .
This situation occurred as recently as the end of the 20th Century. Declining and dead spruce trees were found on thousands of hectares in the eastern Czech Republic (Holusa and Liska 2002) , southern Poland (Grodzki 2007) , and north-western Slovakia (Jakus 2001) . In accordance with Manion's theory, the decline of spruce forests, which are not native to this region, is a combined result of predisposing factors and those factors that actually kill the tree. The predisposing factors include low soil pH, nutrient deficiency, water deficit, and mechanical damage by logging machines. Trees stressed by drought are further stressed by decreased water supply because roots break in the drying soil (Holusa 2004; Holusa and Liska 2002) . Once the trees have been stressed and their roots damaged, infection by the honey fungus Armillaria ostoyae (H. Romagnesi) Herink occurs and the trees are often then colonized and killed by bark beetles. I. duplicatus, I. typographus, I. amitinus, and P. chalcographus are predominant in mature forests (Grodzki 2007; Holusa and Liska 2002) . At present, almost all dying spruces in this area are infested by large numbers of I. duplicatus (present study).
The intensity at which I. duplicatus spreads and becomes more and more abundant in the Czech Republic is heightened by the fact that this species reacted positively to the milder climate in Central Europe. Although I. duplicatus in northern Poland has only one generation in a year, under Central European conditions it usually has two or three generations (Grodzki 1997; Holusa et al. 2003; Mrkva 1995; Schnaider and Sierpinski 1955) .
The greatly uneven distribution in individual parts of the Czech Republic does not allow the use of geostatistical tools in modeling its spread (Holusa et al. 2006) , but the invasion of I. duplicatus in the southern and western parts of the Czech Republic is apparent. Although the effectiveness of experimental lures used in 1997 and 1998 could be different in comparison with the ID Ecolure used later (see also Holusa et al. 2010) , considering the verifiable increase in the number of trappings of I. duplicatus and the corresponding amount of infested trees, we can expect significant economic damage in the near future from I. duplicatus also in the western parts of the Czech Republic.
Intensive control is complicated by several factors. I. duplicatus normally attacks trees interspersed within a stand and the invasion is concentrated in the spruces' crowns. Its development is completed or is in a considerably advanced stage often before the changes in the coloring of needles are observed visually. Only rarely does I. duplicatus invade trees lying on the ground, and therefore classical traps cannot be used in control (Grodzki 1997; Schnaider and Sierpinski 1955) . Monitoring using pheromonebaited traps helps foresters to identify the occurrence of I. duplicatus even in low population densities and thus signals an increasing threat and the beginning of a rise in population densities. The use of black Theysohn traps installed at a height of 1.5 m and at a distance of 15-20 m from a spruce forest is the most effective means of identifying the occurrence of I. duplicatus (Chen et al. 2010) .
